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Abstract. We identify all fast-mode forward shocks, whose sheath regions resulted in
a moderate (56 cases) or intense (38 cases) geomagnetic storm during 18.5 years from
January 1997 to June 2015. We study their main properties, interplanetary causes and
geo-effects. We find that half (49/94) such shocks are associated with interacting coro-
nal mass ejections (CMEs), as they are either shocks propagating into a preceding CME
(35 cases) or a shock propagating into the sheath region of a preceding shock (14 cases).
About half (22/45) of the shocks driven by isolated transients and which have geo-effective
sheaths compress pre-existing southward Bz. Most of the remaining sheaths appear to
have planar structures with southward magnetic fields, including some with planar struc-
tures consistent with field line draping ahead of the magnetic ejecta. A typical (median)
geo-effective shock-sheath structure drives a geomagnetic storm with peak Dst of −88 nT,
pushes the subsolar magnetopause location to 6.3 RE, i.e. below geosynchronous orbit
and is associated with substorms with a peak AL-index of −1350 nT. There are some
important differences between sheaths associated with CME-CME interaction (stronger
storms) and those associated with isolated CMEs (stronger compression of the magne-
tosphere). We detail six case studies of different types of geo-effective shock-sheaths, as
well as two events for which there was no geomagnetic storm but other magnetospheric
effects. Finally, we discuss our results in terms of space weather forecasting, and poten-
tial effects on Earth’s radiation belts.
1. INTRODUCTION
Starting in the early 1970s, the relative importance of
shocks and magnetic ejecta as the drivers of geomagnetic
storms was heavily debated. By the 1980s, it had been rec-
ognized that magnetic ejecta, in particular magnetic clouds,
are the main drivers of intense geomagnetic activity [Burlaga
et al., 1982, 1987; Gosling et al., 1990; Farrugia et al., 1993;
Gonzalez et al., 1994]. One of the quantities that correlates
best with the geo-effectiveness of an interplanetary event
is its dawn-to-dusk electric field (V Bz, where V is the so-
lar wind speed and Bz the north-south component of the
magnetic field vector in the GSM coordinate system). Typi-
cally, when V Bz reaches −3 mV m−1 for a duration of three
hours or more, a major (defined by the disturbance storm-
time –Dst– index being less than −100 nT) geomagnetic
storm ensues [see Gonzalez and Tsurutani , 1987; Bothmer
and Zhukov , 2007, and references therein]. Magnetic ejecta,
and, in particular their subset magnetic clouds, are char-
acterized by slowly varying and enhanced magnetic fields
of long duration (∼ 1 day at 1 AU) [Burlaga et al., 1981].
When favorably oriented, they may result in moderate or
intense geomagnetic storms, as both the speed and the mag-
netic field are enhanced [Zhang and Burlaga, 1988; Tsuru-
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tani et al., 1988a, b; Gosling et al., 1991; Farrugia et al.,
1993].
However, magnetic clouds are not the only source of ge-
omagnetic storms: Tsurutani et al. [1988b, 1992] and Hut-
tunen et al. [2002] showed that shocks/sheaths may also be
geoeffective. Note that, in some cases, only a shock and
sheath is observed and the bulk of the ejecta is missed;
many of these shocks are nonetheless thought to be driven
by CMEs [Jian et al., 2006a; Janvier et al., 2014; Kilpua
et al., 2015b]. Another key large-scale interplanetary struc-
ture driving geomagnetic storms is a corotating interaction
region (CIR) that forms at the interface between slow and
fast solar wind streams. CIRs, some of which also drive
shocks at 1 AU, produce mainly moderate storms [Gosling
et al., 1991; Bothmer , 2004; Echer et al., 2013]. Lastly, more
complex, “compound” events that arise from the interaction
between multiple CMEs or between CMEs and CIRs in the
heliosphere [Burlaga et al., 1987; Tsurutani et al., 1988b] can
also drive geomagnetic storms, often intense ones [Bothmer ,
2004; Bothmer and Zhukov , 2007].
The availability of continuous in situ measurements with
high temporal resolution from near L1 provided by Wind
since 1995 and ACE since 1998 allows performing large sur-
veys of the interplanetary causes of geomagnetic storms. For
instance, Zhang et al. [2007] studied all 88 intense geomag-
netic storms that occurred from 1997 to 2005, Echer et al.
[2008] all 90 intense geomagnetic storms from 1997 to 2006
(the 2 additional storms occurred in 2006). Yermolaev et al.
[2010] and Echer et al. [2013] studied moderate storms (min-
imum Dst below −50 nT but greater than −100 nT) during
the same time period. These studies found that 25–35% of
intense geomagnetic storms and 15–25% of moderate geo-
magnetic storms are caused by the sheath plasma and mag-
netic field behind fast forward magnetosonic shocks, con-
firming previous studies such as those of Gonzalez and Tsu-
rutani [1987], Gosling et al. [1991] and Bothmer and Zhukov
[2007]. Overall, and based on the Dst index only, shocks and
their sheaths (hereafter called shock-sheaths) are found to
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be second only to magnetic clouds for inducing intense geo-
magnetic effects, more important than heliospheric current
sheet crossings, or CIRs. Other studies, such as one fo-
cusing on 56 intense geomagnetic storms from 1997 to 2002
by Huttunen and Koskinen [2004] found that shocks-sheaths
caused the largest fraction of storms (∼ 45%), and the result
may depend on the phase of the solar cycle that is studied.
Most fast forward shocks measured near 1 AU propagate
into a typical, unperturbed slow solar wind, but some may
also propagate within a preceding CME or magnetic cloud.
The possibility that a shock overtaking a magnetic ejecta
may result in intense geomagnetic activities was raised in
Ivanov [1982] and Burlaga et al. [1987] and discussed in
greater detail in Wang et al. [2003]. Dedicated studies of in
situ measurements of shocks propagating within a preced-
ing magnetic ejecta were reported in Collier et al. [2007] and
Lugaz et al. [2015b]; an example of their interplanetary for-
mation was discussed in Liu et al. [2014]; an example of their
potential effects on the radiation belt has been described in
Lugaz et al. [2015a]; and simulations of such events was per-
formed in Vandas et al. [1997], Lugaz et al. [2005], Xiong
et al. [2006] and Lugaz et al. [2013]. This type of event can
be thought as an ongoing CME-CME interaction event.
Shocks propagating within magnetic ejecta were also con-
sidered as a separate category in many studies looking at the
interplanetary causes of geomagnetic storms: Zhang et al.
[2007] listed “preceding CME - shock combination” as the
cause of nine out of their 88 intense storms (see more statis-
tics in section 2). Lugaz et al. [2015b] noted that 19 of
their 59 studied events resulted in a drop of Dst of at least
−50 nT within nine hours of shock arrival. In addition,
Zhang et al. [2007] identified series of fast forward magne-
tosonic shocks as a potential cause of geomagnetic storms.
These shocks can be considered to be an extension of the set
of shocks propagating within a magnetic ejecta since they
are typically shocks propagating within a sheath region of a
preceding shock. Zhang et al. [2007] found two such series
of shocks causing an intense geomagnetic storm, while nine
others were part of the sequence of events resulting in an
intense geomagnetic storm (for example a series of shocks,
followed by a magnetic ejecta or by a series of magnetic
ejecta).
The reasons why some, but not all, CMEs are geo-
effective have been well studied; the same cannot be said
for shock-sheaths. This is an important issue as there
were over 300 fast forward shocks that impacted Earth dur-
ing solar cycle (SC) 23 (following the database of http:
//ipshocks.fi), and only about 10% resulted in an intense
geomagnetic storm. For magnetic clouds, on the other hand,
about one third (31/90 during the same time period) re-
sulted in an intense geomagnetic storm, primarily based on
their orientation [Wu et al., 2002], i.e. on the presence of
southward magnetic fields [Tsurutani et al., 1988b; Gonza-
lez et al., 1994] .
One of the few studies investigating geo-effective shock-
sheath characteristics is the work by Ontiveros and
Gonzalez-Esparza [2010]. The authors found that the corre-
lation between the maximum dawn-to-dusk solar wind elec-
tric field and the minimum Dst was strong for storms that
included a magnetic ejecta but weak for storms due only to a
shock-sheath. In contrast, a good correlation was also found
for sheaths when the integral of the dawn-to-dusk field over
the crossing time was considered instead.
There are at least four main ways for a shock-sheath
structure to be geo-effective: (i) a shock with a normal close
to the ecliptic will compress pre-existing southward Bz, (ii)
a shock with a normal with a large inclination to the eclip-
tic will “create” southward Bz in the sheath by deflecting
radial interplanetary magnetic fields (IMF) away from the
ecliptic, (iii) field line draping around the magnetic ejecta
in the back of the sheath creates Bz which will depend on
the orientation of the CME and where it is crossed, and
(iv) turbulent fields or compressed planar structures may
have southward magnetic fields in the sheath. All of these
processes may create strong southward Bz and they were
summarized in Figure 2 of Gonzalez et al. [1994]. A fur-
ther possibility, which is related to (iii), is that (v) part
of the sheath is actually composed of reconnected magnetic
field lines “eroded” away from the flux rope and maintain-
ing some of its orientation, similar to a scenario discussed
by Dasso et al. [2006] and Ruffenach et al. [2015]. Note
that causes (i) and (ii) are related to the upstream mag-
netic field and the shock normal, whereas (iii) and (v) are
associated with the orientation of the magnetic ejecta. It is
as yet unclear what determines the orientation of turbulent
fields and compressed planar structures, i.e. the exact cause
of (iv). Note that out-of-ecliptic fields within a given sheath
is likely a combination of a number of different mechanisms
described above.
In this article, we investigate all shocks whose sheaths re-
sulted in at least a moderate geomagnetic storm over 18.5
years of time covering SC23 and the first half of SC24 (1997–
06/2015). We aim to determine what makes them differ-
ent from non-geo-effective shock-sheaths. In section 2, we
present our results of all geo-effective shock-sheaths, be-
fore looking separately at intense and moderate geomagnetic
storms. We give examples of different types of geo-effective
sheaths in section 3. In section 4, we discuss our results and
conclude.
2. Study
Statistical results based on identifications by other re-
searchers can give us some insight into the geo-effectiveness
of shock-sheaths. However, none of them include all geo-
effective shock-sheaths irrespective of whether or not a
magnetic ejecta caused another, stronger peak afterwards.
Therefore, a more detailed study is required. We focus
here on all fast magnetosonic forward shocks, irrespective
of their drivers. It is believed that about two thirds of fast
forward shocks at 1 AU are driven by CMEs [Jian et al.,
2006a, b]. Kilpua et al. [2015b] also found similar results for
the fast forward shocks measured near Earth from 1997 to
2013. Note that some shocks are driverless at 1 AU [Gopal-
swamy et al., 2009], i.e. they are followed neither by a CME
nor by a CIR. Gopalswamy et al. [2009] argued that many of
these driverless shocks are associated with CMEs originating
close to a coronal hole. In this study, we distinguish between
shocks followed by a magnetic ejecta and shocks not followed
by a magnetic ejecta. This latter category is composed of
shocks driven by CIRs as well as driverless shocks.
We use the Dst index as the measure of geo-effectiveness
and we assign a threshold of −50 nT to define a geo-effective
event. Within these prescribed constraints, we investigate
all geo-effective events due to a shock-sheath structure, i.e.
both those when the main cause of the geomagnetic storm is
a magnetic ejecta as well as those for which the main cause
of the storm is the shock-sheath itself. Zhang et al. [2008]
performed a complementary study but only for dips (defined
as a temporary decrease of 15 nT or more of the Dst index)
of multiple-dip intense geomagnetic storms during SC23.
2.1. Data and Event Selection
We based our study on: (1) the shock list of Kilpua et al.
[2015b]1, (2) the list of moderate and intense storms of Yer-
molaev et al. [2010], (3) the Dst index data from the world
data center for geomagnetism of Kyoto University2 for SC24,
(4) the list of CMEs from Richardson and Cane [2010] com-
pleted by the list of Jian et al. [2006a], and, (5) OMNI
data3. The shock parameters, such as fast magnetosonic
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Figure 1. Left: Yearly distribution of shocks for which the sheath produces at least a moderate geomag-
netic storm separated into shocks propagating into nominal solar wind conditions (“Normal”) in salmon
and red, and shocks propagating into a preceding transient (“in Transient”) in turquoise and blue. The
yearly sunspot number is shown in brown on the right-hand scale. Right: Distribution of peak Dst in
the sheaths resulting in geomagnetic storms. The median value of the peak Dst for geo-effective sheaths
is shown with the vertical lines.
Mach number, shock speed, compression ratios and shock
angle are taken from the IPshocks database. The presence
of a CME, its start and end time are taken from the list of
Richardson and Cane [2010], with some exceptions as de-
scribed below.
We adopted the following procedure: we plotted 1-minute
resolution OMNI data for all cases when a shock occurred
within 36 hours prior to a moderate or intense geomagnetic
storm. We determined whether the shock-sheath itself was
geo-effective, irrespective of what occurs after the end of the
sheath. For the end of the sheath (i.e. the start of the mag-
netic ejecta), we usually used the list of CMEs of Richard-
son and Cane [2010], although there were instances when
we disagreed with their timing. Ultimately, the researchers’
judgement was used. For the vast majority of the selected
cases, the shock-sheath causes a clearly identifiable dip in
Dst, part of a single-dip or multiple-dip geomagnetic storm.
Using the list of Richardson and Cane [2010] as well as
our previous list of shocks inside CMEs [Lugaz et al., 2015b],
into which we added one event (2003 August 18 at 04:42 UT)
that was missed in the initial study, we divided the shocks
into three categories: i) shocks within a magnetic ejecta,
ii) series of shocks, and iii) shocks propagating into nomi-
nal solar wind conditions, referred to as “normal” shocks.
We require that multiple shocks from series of shocks occur
within 24 hours from each other and that our visual in-
spection confirms that the trailing shock propagates within
the sheath of the first shock (and not within the magnetic
ejecta).
2.2. General Considerations
We identified 94 shock-sheaths which caused the Dst in-
dex to reach −50 nT or lower: 67 cases during SC23 and 27
during SC24. Of these, 38 were intense storms (35 in SC23,
3 in SC24) and 56 were moderate storms (32 in SC23, 24 in
SC24). For 78 of these shocks, a magnetic ejecta was iden-
tified by Richardson and Cane [2010] as the driver of the
shock.
The left panel of Figure 1 shows the yearly distribution
of these shocks. The solar cycle dependence is clearly visi-
ble, with SCs 23 and 24 separated by a deep solar minimum
(2007–2009). The deep solar minimum years 2007-2009 is
totally devoid of shock-sheath events which gave rise to mod-
erate or intense geomagnetic storm. In fact, there were only
a dozen shocks measured at L1 between 2007 and 2008 (com-
pared to 21 shocks in 1997 alone, for example). The lower
number of geo-effective shocks-sheaths during SC24 as com-
pared to SC23 is consistent with results from studies investi-
gating the interplanetary causes [Gopalswamy et al., 2015] of
geomagnetic storms. Gopalswamy et al. [2015] showed that
the lower number of storms in SC24 as compared to SC23 is
a direct consequence of the lower interplanetary V Bz, which
in SC24 is 40% lower than the value in SC23 for magnetic
clouds. The associated Dst of magnetic clouds in SC24 is
about half that of magnetic clouds in SC23. The effects of
the deep solar minimum in 2007–2009 on Earth’s magne-
tosphere was investigated in Farrugia et al. [2013] and ref-
erences therein. The year 2001 near the maximum of SC23
was when most geo-effective shock-sheaths were observed. A
second peak occurred in 2012 at the first maximum of SC24.
Overall, as noted above, SC23 was much more active than
SC24, with about 6 geo-effective shock-sheaths per year, on
average, as compared to 3.5 during SC24.
We have also looked at the maximum ap index during the
sheath’s passage. Since the ap is a 3-hour index (as opposed
to the Dst index which has 1 hour resolution) and we only
focus on the geo-effects associated with the shock/sheath,
for some events, there are some uncertainties on whether
the peak of the ap corresponds to the back of the sheath
or beginning of the magnetic ejecta. Overall, we found that
the median and average peak ap reached during these events
was 117 and 131 respectively (corresponding to a Kp of 7-
and 7, respectively), with all events corresponding at least
to an active geomagnetic period (ap = 32, Kp = 4+), and
only 4 events below an ap of 56 (Kp of 5+). This confirms
that these shocks/sheaths are associated with, on average,
strong geo-effects, whether it is measured by Kp or Dst. A
complete description of the interplanetary conditions result-
ing in the daily average ap index to reach 20 can be found
in Bothmer and Zhukov [2007].
2.3. Comparison Between the Two “Types” of
Shocks
From the total of 94 identified geoeffective shocks-
sheaths, 45 cases (48%) were associated with “normal”
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Figure 2. Distribution of the events as a function of the time in month from the closest equinox. Due to
the relatively low number of events, Spring and Fall equinoxes are considered together, as is time before
and time after the equinox.
shocks, 35 cases (37%) were associated with a shock prop-
agating within an ejecta, and 14 cases (15%) with series
of shocks (for definitions, see Section 2.1). For a few se-
ries of shocks, it is difficult to determine whether the sec-
ond shock propagates within the sheath of the first shock or
within a magnetic ejecta that drives the first shock. Overall,
both shock propagating within a magnetic ejecta or series
of shocks can be thought of as a shock propagating within a
previous transient, either the magnetic ejecta or the sheath.
For these reasons, we will now treat these two types of shocks
as one category, hereafter referred to as “shocks within tran-
sients”.
An estimate of the total number of shocks from 1997 to
the end of June 2015 can be obtained by adding the maxi-
mum number of fast-mode forward shocks measured by ACE
or Wind in each year, resulting in 489 shocks during this
time period, the majority (319) being in SC23). As such,
the 94 shocks resulting in a geomagnetic storm (moderate or
intense) represent about 20% of the total number of shocks.
In other words, one out of every five shocks measured at 1
AU from 1997 to 2015 drove a sheath which resulted in at
least a moderate geomagnetic storm. However, as indicated
above, it consists of two populations of nearly equal num-
bers: “normal” shocks propagating into nominal solar wind
and shocks within transients. Since shocks within transients
are rarer, they are in fact more likely to be geo-effective than
shocks propagating into nominal solar wind conditions.
Not only are shocks in transients more likely to be geo-
effective, but when they are geo-effective, they result, on
average, in a stronger geomagnetic storm. The distribu-
tion of the peak Dst for the two types of shocks is shown
in the right panel of Figure 1. It illustrates how the peak
Dst for geo-effective sheaths driven by a shock in a tran-
sient is on average lower than that of a sheath driven by
a “normal” shock (median of −102 nT vs. −74 nT). The
two-tailed t-test for the minimum Dst reached for the two
samples (“normal” shocks vs. shocks within transients) is
0.0062 (0.0214 without the multiple shocks), which means
that there is a statistically significant difference between the
two shock types, and therefore, it is justified to discuss them
separately. The right panel of Figure 1 also clearly shows
that shocks within transients cause the majority of intense
geomagnetic storms due to shocks-sheaths.
The difference between the two types of shocks/sheaths is
also statistically significant when looking at the ap or Kp in-
dex. Shocks inside transients have a median and average ap
of 111 and 149, respectively (corresponding to Kp = 7- and
about 7+) as compared to median and average ap of 94 and
112 (corresponding to Kp = 6+ and about 7-), respectively
for “normal’ shocks.
We also determined the distribution of storms with re-
spect to the time of the equinoxes. Russell and McPher-
ron [1973] have shown that geomagnetic activity follows
a semiannual variation with the majority of storms occur-
ring close to the equinoxes. We find that this is true for
the geo-effective shocks/sheaths as shown in Figure 2. The
Russell-McPherron effect is especially pronounced for “nor-
mal” shocks for which there are four times less geo-effective
shocks/sheaths one month from one of the solstices than geo-
effective shocks/sheaths one more from one of the equinoxes
(4 vs. 25). For shocks within transients, the difference is
small and might be due to statistical noise (11 vs. 16).
Shocks within transients occur primarily in very active solar
periods, which appear randomly distributed within the year
(March-April 2001 was close to the equinox but October-
November 2003 was not).
2.3.1. Solar Cycle 23
For solar cycle 23, we can use the list of shocks within
CMEs from Lugaz et al. [2015b] to compare more pre-
cisely which proportion of different types of shocks are geo-
effective. From 1997 to 2007, there were 30 geo-effective
“normal” shocks, 27 geo-effective shocks within ejecta, and
10 geo-effective series of shocks. In the same period, there
were about 320 shocks in total, so, once again, about 20%
of the shocks drove geo-effective sheaths. Following Lugaz
et al. [2015b] with one additional event found during this
study, there were 50 shocks within CMEs during the same
time period, therefore about half of these (27/50) resulted in
at least a moderate geomagnetic storm. The percentage of
“normal” shocks which have geo-effective sheaths can only
be estimated since the total number of series of shocks is not
known, and determining it is beyond the scope of this paper.
Two extreme hypotheses are (i) that all series of shocks are
geo-effective; or that (ii) series of shocks are only as geo-
effective as normal shocks. This allows us to estimate that
13 ± 2% of the “normal” shocks have geo-effective sheaths.
2.3.2. Intense Geomagnetic Storms
We now focus on intense geomagnetic storms during
SC23, since those are the ones that have been investigated
in great detail in past studies. As noted earlier, there were
90 intense geomagnetic storms during SC23. Nineteen out
of the 50 shocks within ejecta caused an intense geomag-
netic storms, 6 of the series of shocks and only 10 “normal”
shocks (out of 200–260 “normal” shocks). For SC24, two of
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Figure 3. Distribution of geo-effective shocks/sheaths as a function of the delay between the shock
arrival and the Dst peak (left) and between the Dst peak and the start of the magnetic ejecta (right).
the only three intense geomagnetic storms associated with
shocks were due to shocks within CMEs (2014/02/19 and
2014/06/22 for shocks within ejecta and 2011/10/24 for a
normal shock).
For validation, we compare our SC23 sample of intense ge-
omagnetic storms caused by shock-sheath structures to what
was found by Zhang et al. [2007] and Echer et al. [2008], as
summarized in the Appendix. Overall, our list agrees with
these two previous studies: 26 out of the 30 cases for which
Zhang et al. [2007] identified a shock or a series of shocks as
the primary interplanetary cause of an intense geomagnetic
storm are also in our list, as do 18 out of the 23 cases from
Echer et al. [2008].
2.4. Geomagnetic Storm Timing
We now calculate the time delay between the shock detec-
tion at Wind (or in a few cases at ACE) and the associated
minimum of the Dst index. See the left panel of Figure 3.
Here, we do not take into account the propagation delay
between Wind and the nose of the magnetopause, which is
typically in the 20-45 minute range since the studied shocks
have speeds in the 500-800 km s−1 range.
The majority of the shocks cause the Dst index to reach
minimum values within six hours (average: 6.67 ± 3.75
hours; median: 6 hours). This is a relatively short time
keeping in mind that the propagation delay is not taken
into account and that shock arrival typically results first in
an increase of the Dst index associated with the compres-
sion of the magnetosphere (sudden impulse or sudden storm
commencement). For nine cases (9.6%), however, the peak
occurred 12 hours or more after the shock. There is no sig-
nificant difference in the timing between the different types
of shocks. The relatively short time delay (shorter than a
typical sheath duration) between the shock being measured
at ACE/Wind and the peak Dst attributed to the sheath
further confirms that these geomagnetic storms are caused
by the sheath field and not by the subsequent driver.
As mentioned above, for 78 shocks-sheaths, we are able
to associate a magnetic ejecta as the driver of the shock.
For these 78 shocks, the average sheath duration is 9.6 ±
5.2 hours with a median value of 8.7 hours. We note that
the average sheath length at 1 AU has been found to be be-
tween 0.083 AU[Richardson and Cane, 2010] and 0.16 AU
[Jian et al., 2006a], corresponding to a duration of 7–13
hours for a typical 500 km s−1 CME speed. Our sample is
therefore fairly typical in terms of the duration of sheaths.
Some of the other sixteen shocks are associated with a CIR,
whereas for others, there is no clear ejecta after the shock. In
some cases of series of shocks or a shock propagating within
an ejecta, we could not identify the start time of the shock
driver.
Using the start time of the magnetic ejecta, we estimate
that the peak Dst due to the shock-sheath structure was
reached on average 3.4 ± 5.2 hours before the start of the
ejecta. For half of the cases, the peak Dst was reached within
± 2 hours of the start of the ejecta. The right panel of Fig-
ure 3 shows the distribution of shock-sheaths as a function
of the time delay between the peak Dst and the start of the
ejecta. Both the sheath duration and the location of the Dst
peak with respect to the start of the ejecta are statistically
the same for “normal” shocks as for shocks in transients.
2.5. Influence of Shock Parameters
We found very little correlation between different shock
and upstream parameters (compression ratio, shock Mach
number, shock speed, upstream values of B and Bz) and
the minimum Dst. The largest value of cross-correlation is
−0.42 between the Dst and the shock magnetosonic Mach
number for “normal” shocks (but no correlation for shocks
inside transients), indicating that stronger shocks tend to
be more geo-effective, but this is only true for shocks propa-
gating into normal conditions. Overall, the strongest corre-
lation for the full sample is between the upstream magnetic
field *strength and the peak Dst with a value of −0.38.
2.6. Substorms
We now turn to substorms occurring during the sheath
passage. Shocks and other solar discontinuities and com-
pressions are known to be able to trigger substorms or in-
tensify pre-occurring substorms [Kokubun et al., 1977], es-
pecially when the IMF had a southward component be-
fore the shock arrival [Zhou and Tsurutani , 2001; Tsurutani
and Zhou, 2003]. Echer et al. [2011] noted that substorm
peak AL-index and the shock strength as measured by the
Alfve´nic Mach number may be correlated. Recently, Oliveira
and Raeder [2015] performed a dedicated investigation of
shocks measured at 1 AU and their effects as measured by
the SuperMAG SML index, similar to the AL-index. They
only focused on substorms occurring within 2 hours of the
shock arrival. Here, we discuss the peak AL-index during the
sheath passage at Earth. Some of these substorms are trig-
gered by the shock compression of Earth’s magnetosphere,
whereas others occur during the main phase of the geomag-
netic storms due to the shock-sheath structures.
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Figure 4. Distribution of peak AL index (left) and minimum magnetopause location following Shue
et al. [1998] (right) during the sheath passage.
Figure 4 shows the distribution of the peak AL in bins of
250 nT width. There is no statistically significant difference
between the “normal” shocks and the shocks in transients.
We also found no significant correlation between the peak
AL index and the shock Mach number or the shock an-
gle with respect to the GSM x direction (i.e. a measure of
how oblique the shock is). There is however a statistically
significant difference in the peak AL of geo-effective shocks-
sheaths between SC23 and those from SC24, with medians
of −1561 nT and −1013 nT, respectively. It has been noted
before [e.g. see Oliveira and Raeder , 2015; Kilpua et al.,
2015b] the number of shocks was higher in SC23 than in
SC24, and we found above that there have been fewer mod-
erate or intense geomagnetic storms due to shocks-sheaths
in SC24 than in SC23 (Figure 1). Here, we further find
that substorms associated with these shock-sheath events
were on average weaker in SC24 as compared to those in
SC23. 10 events were associated with “super-substorms”
when AL index reached below −2500 nT [Tsurutani et al.,
2015]. This corresponds to 8 shocks in transients (6 shocks
in ejecta and 2 series of shocks) and 2 shocks in nominal
solar wind. This represents 10 of the 37 super-substorms
in SC23. Lastly, we found some evidence of a possible dif-
ference between shock-sheaths for which the upstream mag-
netic field was southward (median peak AL −1561 nT, av-
erage −1626 nT) as compared to those when the upstream
magnetic field was northward (median peak AL −1253 nT,
average −1339 nT). The two-tailed t-test has a p value of
0.0501, which implies that these two groups are different
within the 95% confidence limit (being exactly at the limit
of the confidence interval). The difference in the peak AL-
index for shocks occurring in northward vs. southward IMF
is expected, as shocks occurring in pre-existing southward
Bz fields have been shown to trigger stronger substorms due
to pre-conditioning effects [Zhou and Tsurutani , 2001; Echer
et al., 2011].
2.7. Magnetopause Location
Shocks and sheaths are a well-known cause of electron
dropout events in the outer radiation belt [Pulkkinen et al.,
2007; Hietala et al., 2014; Kilpua et al., 2015a]. It is be-
yond the scope of this study to investigate the response of
the radiation belt to these shocks-sheaths. However to il-
lustrate their potential effects, we discuss the location of
the magnetopause during passage of these shocks-sheaths.
Matsumura et al. [2011] found that earthward motion of the
magnetopause is well correlated with subsequent energetic
electron losses. We calculated the minimum location of the
magnetopause using 1-minute OMNI data and the formula
of Shue et al. [1998] for the 92 events for which OMNI data
are available.
The distribution is shown in the right panel of Figure 4.
The average minimum magnetopause location during these
storms is 6.3 ±0.9 RE. For 70% of the events (65/92), the
magnetopause reached geosynchronous orbit (6.6 RE). In
Lugaz et al. [2015a], we discussed how the combination of
large dynamic pressures and southward IMF behind shocks
within transients can simultaneously compress and erode
the magnetosphere, pushing the magnetopause down to be-
low geosynchronous orbit and in some instances, resulting
in electron losses through magnetopause shadowing [Turner
et al., 2012; Alves et al., 2016]. Enhanced wave-particle ac-
celeration and Dst effect [Kim et al., 2010] are two other
mechanisms which can contribute to energetic electron losses
during this type of events [e.g., see Shprits et al., 2006;
Kilpua et al., 2015a].
We find that the average minimum magnetopause loca-
tion after series of shocks is 5.9 ±1.3RE; after a “normal”
shock, it is 6.2 ±0.75RE; after a shock inside ejecta, it is
6.6 ±0.9RE. There is a statistically significant difference
between series of shocks and shocks inside ejecta, as well as
between shocks inside ejecta and “normal shocks”, but not
between series of shocks and “normal” shocks.
3. Examples of Different Types of Geo-
Effective Shock-Sheaths
In this section, we give examples of shocks followed by
geo-effective sheaths, both for “normal” shocks as well as
for shocks inside transients. The events represent some of
the clearest cases rather than typical ones. Whenever possi-
ble, we chose recent events, which are less likely to have
been studied ad nauseam. The goal in presenting these
case studies is to illustrate events for which the part of the
sheath driving the geo-effects can be clearly identified. In
this way, we arrive at a more precise view as to which part of
the shock-sheath is responsible for the associated geo-effects
when interacting with the magnetosphere.
3.1. “Normal” Shocks
Figures 5 and 6 show (i) three examples of “normal”
shocks that have geo-effective sheaths, and (ii) one exam-
ple of a “normal” shock whose sheath did not cause a geo-
magnetic storm. These events correspond to shocks on 2012
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Figure 5. Wind observations of the shock and geo-effective sheaths on October 8, 2012 (Wind shifted by
70 minutes) and September 17, 2011 (Wind shifted by 48 minutes). The panels show from top to bottom,
the magnetic field strength, GSM Bz component, proton density, the proton velocity and temperature
(in red, the expected proton temperature), the proton speed, the Dst index (crosses) and Sym-H index
(in red, the AL index) and the PCN index. The CME boundaries as defined by Richardson and Cane
[2010] are shown with blue lines, the shock with a red line.
October 8, 2011 September 17, 1998 October 18, and 2012
July 14, respectively. In each Figure, the panels show, from
top to bottom, the total magnetic field strength, the south-
ward (GSM) component of the magnetic field, the proton
density, the proton temperature (expected temperature fol-
lowing Lopez [1987] in red), the proton speed, the Sym-H
and Dst (crosses) indices, and the AL auroral electrojet in-
dex in red, the Polar Cap north (PCN) index determined
from the North polar cap station at Thule, Greenland, and
the subsolar location of the magnetopause using the for-
mula of Shue et al. [1998]. All magnetic field and plasma
measurements are from Wind, while the geomagnetic indices
are from OmniWeb. Wind measurements are time-shifted so
as to align the shock arrival with the sudden impulse. The
corresponding delays are noted in the figure captions. The
Sym-H index is a 1-minute equivalent to the Dst index and
both measure the disturbance in the horizontal component
of the geomagnetic field at low latitudes. The AL index
reflects the strength of the westward auroral electrojet and
is often used to determine substorm activity. The PCN in-
dex quantifies the strength of the cross polar cap convection
[Troshichev et al., 1996].
The 2012 October 8 sheath is an example of a shock com-
pressing pre-existing southward magnetic fields in a slow so-
lar wind (Figure 5a). The shock occurred at 04:12 UT and
the peak Dst occurred at 13 UT, i.e. about 9 hours after the
shock, reaching a value of −95 nT(corresponding to a drop
of 73 nT with respect to the pre-shock Dst). The magnetic
ejecta starts around 18 UT and is associated with a strong
magnetic field, and a drop to low proton densities. The
sheath duration was about 13 hours. The temperature drop
precedes the ejecta by about one hour, and the last hour of
the sheath shows signatures of possible erosion [Ruffenach
et al., 2012], such as increased proton temperature, and a
rotation of the velocity and magnetic field near the sharp
front boundary of the ejecta.
Corresponding to a strong southward magnetic field in
the ejecta, there was a second drop of Dst (not fully shown)
which reached −105 nT at 09UT on October 9. This is a
classic two-step geomagnetic storm caused by two successive
periods of southward Bz, the first in the shock-sheath and
the second in the magnetic ejecta [Kamide et al., 1998]. One
hour after the shock, the Bz component of the magnetic field
was ∼ −15 nT, as compared to −6 nT before the shock. The
shock itself was relatively typical with a compression ratio
of 2, a magnetosonic Mach number of 1.9 and a normal with
respect to the magnetic field of 74◦.
As the shock compressed pre-existing southward Bz and
the field was northward towards the end of the sheath, most
of the geomagnetic activity occurred during the first half of
the sheath. Substorm onset occurred about 3 hours after
shock arrival (AL index). This was associated with a strong
enhancement in convection (PCN). From the Sym-H index,
we see that the main phase of the storm started when the
shock arrived and lasted seven hours. The PCN index in-
dicates that enhanced convection occurred during the main
storm phase. As Bz turned northward in the second half of
the sheath, the convection decreased, no substorm occurred,
and the temporary recovery phase of the geomagnetic storm
started.
The 2011 September 17 shock-sheath is an example of a
sheath containing geo-effective magnetic fields as part of a
planar structure (Figure 5b). We confirmed this for the pe-
riod from 07 UT to 12 UT by performing a minimum vari-
ance analysis of the magnetic field [Sonnerup and Cahill ,
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Figure 6. Same as Figure 5 but for the 1998 October 18 (Wind shifted by 27 minutes) and 2012 July
14 shocks (Wind shifted by 36 minutes), the second of which was not geo-effective in terms of Dst index.
In the second panel of the 1998 October 18 event, all three components of the magnetic field are plotted.
1967]. The shock occurred at 02:57 UT and the Dst reached
−72 nT at 16UT (13 hours after the shock). The magnetic
ejecta started around 15:40UT. There were two main peri-
ods of southward Bz in the sheath: from 07:30UT to 10:10
UT and from 11:45 to 13:20UT. During the first period, Bz
was about −8 nT. The main phase of the moderate storm
was clearly due to the sheath. The sheath duration of 12.5
hours is similar to that in the previous event. These two pe-
riods of southward Bz in the sheath also corresponded to the
onset of two substorms associated with two clear and large
enhancements in the plasma convection (PCN).cWe recall
that convection has a two-source origin, the dayside and the
nightside [Siscoe and Huang , 1985; Lockwood et al., 1990].
Here the nightside (substorm) source was the probably the
major contributor. Before these southward Bz periods, dur-
ing the first four hours of the sheath, the geomagnetic ac-
tivity was low. Note that the second substorm was stronger
than the first one, even though it was caused by a weaker
Bz. We have also found strong indications that the whole
sheath consisted of Alfve´nic fluctuations.
The 1998 October 18 shock-sheath (Figure 6a) is an ex-
ample where draped fields around the magnetic ejecta were
associated with strongly southward Bz and drove the geo-
magnetic activity. The shock occurred at 19:29 UT and the
peak Dst at 04UT, i.e., 8.5 hours after the shock, with a
value of −70 nT. The start of the magnetic ejecta is clear
around 04:20 UT, with an extreme drop in density and large
drop in temperature, falling below the expected tempera-
ture. This gives a sheath duration of about 9 hours. As is
clear from the temporal profile of the Sym-H index, the pe-
riod starting at 02:40 UT with strong southward magnetic
fields is the cause of the drop of Dst to moderate storm
levels. At the start of the magnetic ejecta, Dst continued
to decrease and reached −112 nT at 16UT; the drop is ap-
proximately monotonic, and the effects of the sheath vs. the
magnetic ejecta can only be distinguished using the 1-minute
Sym-H index. Note that there were a number of short peri-
ods of negative Bz during the first half of the sheath but they
did not result in any drop of the Dst though they did cause
episodic and moderate increases in convection. It is safe to
conclude that the draping of the magnetic field around the
magnetic ejecta is the main cause of the geo-effective sheath.
During the first seven hours of the shock-sheath, i.e. before
the draped fields, the geomagnetic activity was very quiet.
The draped fields can be considered as part of a planar
structure; in fact, Palmerio et al. [2016] found that about
25% of the CME sheaths had a planar structure starting just
upstream of the magnetic ejecta. For this example, the nor-
mal of the planar structure deviates by about 20◦ from the
shock normal indicating that its orientation is determined
by the magnetic ejecta around which it is draped.
The 2012 July 14 shock-sheath (Figure 6b) is an example
of a shock-sheath that was not efficient in energizing the ring
current. This event was chosen from the set of many CME
sheaths that did not result in a moderate geomagnetic storm
because Bz was southward before the shock. The shock oc-
curred at 17:39 UT and the peak Dst in the shock-sheath
is −27 nT at 05 UT on July 15 (about 11.5 hours after the
shock). The magnetic ejecta started around 06:20UT and
had strong southward Bz magnetic fields. Consequently,
the Sym-H and Dst index quickly dropped to the intense
geomagnetic storm level, reaching −118 nT at 10UT. The
sheath duration of 12.5 hours is very similar to the first two
events discussed above. Even in the absence of a moderate
geomagnetic storm, the sudden impulse associated with the
arrival of the shock when Sym-H increased from 11 nT to
47 nT in 3 minutes coincided with a substorm onset during
which the AL-index reached −1300 nT. This substorm is
the only notable geomagnetic activity which occurred dur-
ing the passage of this shock-sheath. Before shock arrival,
the IMF had a relatively strong southward component with
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Figure 7. Wind observations of the shock inside transient and geo-effective sheaths on 2014 February
19 (Wind shifted by 39 minutes) and 2003 May 29 (Wind shifted by 29 minutes). The panels are the
same as in the previous Figures. The CME boundaries as defined by Richardson and Cane [2010] are
shown with blue lines, the studied shock with a red line, and the previous shock with a green line.
an average value of −2 nT for the hour before the shock
and 5-minute averages reaching −5 nT just before the shock.
However, the southward field periods within the sheath were
generally short and the field magnitude relatively low, and
therefore did not result in a geomagnetic storm. The sub-
storm onset might have been triggered by the compression
of the magnetosphere associated with the shock arrival but
the substorm itself cannot be ascribed to the shock-sheath
structure.
Although the front of the magnetic ejecta is reminiscent
of that of the 1998 October 18 event (Figure 5, left panel),
there was no significant draping in the sheath ahead of the
magnetic ejecta. This example serves to emphasize that,
while this article focuses on geo-effective shock-sheaths, the
large majority of shock-sheaths are not geo-effective, and
this even includes events for which the upstream Bz was
southward.
3.2. Shocks Inside Transients
Figures 7 and 8 show examples of geo-effective sheaths
due to a shock propagating into a previous magnetic ejecta
(first two cases), due to a series of shocks (third case) and a
non-geo-effective shock propagating within a previous ejecta
(last case). These events correspond to the shocks on 2014
February 19, 2003 May 29, 2015 June 22, and 2001 Decem-
ber 30, respectively.
The 2014 February 19 shock-sheath (Figure 7a) provides
an example of a shock compressing pre-existing southward
magnetic fields that are part of a preceding magnetic ejecta,
i.e. a specific case related to CME-CME interaction. A first
magnetic ejecta started around 15UT on February 18, it-
self preceded by a very weak shock and a non-geoeffective
sheath. A second shock propagated inside this magnetic
ejecta, reaching Wind at 03:10 UT. The end of the first
magnetic ejecta occurred around 10UT, corresponding to a
period lasting about 2 hours with elevated temperature and
low magnetic field consistent with compression and recon-
nection between the two ejecta. All geomagnetic activity
was caused by the second shock-sheath. The peak Dst of
−116 nT was reached at 09UT, i.e. 6 hours after shock ar-
rival and 3 hours before the start of the next CME. The
sheath duration (or shocked CME) was about 7 hours. Be-
fore the shock, the Dst reached −62 nT at 03 UT consis-
tent with the steady southward magnetic field of ∼ −8 nT.
Following the shock, the southward magnetic increased to
−13 nT; and associated with the increase of the solar wind
velocity from 390 to 480 km s−1, this corresponds to a dou-
bling of the solar wind dawn-to-dusk electric field. The
shock arrival was associated with a steep rise in the convec-
tion (quadrupling of the PCN index), which coincided with
a substorm onset and the growth phase of the storm. This
event is associated with a weak quasi-perpendicular shock
with a compression ratio of about 1.7, and a magnetosonic
Mach number of 1.9. As is typical of shocks inside CMEs as
discussed in Lugaz et al. [2015b], this weak shock is still fast
with a speed of about 600 km s−1, which is why it caught
up with a preceding slower CME.
The 2003 May 29 sheath (Figure 7b) is another example
of a shock propagating through a preceding magnetic ejecta.
In this case, the cause of the geo-effective period is harder
to pinpoint. There was a first, weak shock at 11:49UT fol-
lowed by what appears to be a small magnetic ejecta starting
around 13UT. A second shock occurred at 18:31UT. This
second shock propagated into strong southward magnetic
fields, but the sheath was turbulent and the field did not
remain southward downstream of the shock. The second
magnetic ejecta started around 01UT on May 30 (6.5 hours
after the shock) with northward magnetic fields. The peak
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Figure 8. Same as Figure 7 but for the 2015 June 21-22 series of 3 shocks (Wind shifted by 27 minutes)
and for the 2001 December 30 shock (unshifted), which was a shock inside a transient, that did not result
in a geo-effective sheath in terms of Dst. For the left panel, the second shock is shown with a red-green
line as it resulted in a moderate storm.
Dst of −144 nT occurred at 00UT, i.e. before the start of the
second magnetic ejecta. During the sheath, there were three
major substorms and large enhancements of the convection.
The first substorm appears to be associated with the large
Bz oscillation just behind the shock. The third substorm
took place during the main phase of the geomagnetic storm.
The 2015 June 22 sheaths are due to a series of three
shocks in about 26 hours. These three shocks were of in-
creasing speed. The first shock at 16:04 UT on June 21 was
followed by a magnetic ejecta starting at around 22:30UT.
This ejecta is not part of the list of Cane & Richardson, but
its onset appears relatively clear to us due to the smoother
magnetic field and lower density. The shock had a com-
pression ratio of about 2.6, a speed of about 310 km s−1
(the upstream fast magnetosonic speed was of the order of
37 km s−1). This first shock-sheath and ejecta did not result
in any geomagnetic activity. A second shock at 05:05 UT on
June 22 propagated inside this first ejecta and resulted in a
peak Dst of −51 nT at 17 UT (12 hours after the shock).
There was no clear ejecta associated with this second shock.
This shock was faster than the first one, with a speed of
about 425 km s−1 and had a compression ratio of 2. There
was one substorm associated with the main phase of this first
moderate geomagnetic storm. The third shock at 18:08 UT
can therefore be thought of as a shock propagating inside a
preceding sheath (or a series of two shocks). It was followed
by a magnetic ejecta starting around 02 UT on June 23.
This was a fast (765 km s−1) and strong (compression ratio
of 3.6) shock.
The 2001 December 30 shock (Figure 8a) is an example
of a shock propagating inside a magnetic ejecta, which did
not cause any intensification of the geomagnetic response as
measured by the Dst index. Wind measured the passage of
a shock-driving magnetic ejecta starting around 00UT on
December 30. Richardson and Cane [2010] list 18:00 UT as
the end time of this magnetic ejecta, although we find it im-
possible to identify tits trailing edge due to the presence of
the overtaking shock. This overtaking shock crosses Wind
at about 20:05 UT. The upstream magnetic field is about
12 nT and the upstream fast magnetosonic speed is in excess
of 120 km s−1, conditions unusual for the unperturbed solar
wind. The proton density is relatively low but the proton
temperature is higher than expected starting around 12 UT.
Overall, the upstream conditions are consistent with the pas-
sage of a transient event, either the back part of a magnetic
ejecta or the disturbed solar wind in its wake. The shock
has a compression ratio of about 2, but the magnetic field
remains elevated only for 3 hours after the shock. The IMF
Bz, initially northward turns southward during this period
but does not remain steady. Following a sudden impulse, the
Dst reaches −31 nT at 02UT on December 31, comparable
to its value before the shocks (−24 nT at 17UT). There is
one moderate substorm (AL reached about −700 nT) at the
end of the period of enhanced magnetic fields.
The sheath of this third shock compressed pre-existing
southward magnetic fields and resulted in a second dip of Dst
to −121 nT at 21 UT. The magnetic ejecta had strong south-
ward magnetic fields, which resulted in a further decrease of
the Dst. The upstream magnetic field had a Bz component
of about −8 nT; just downstream of the shock, Bz reached
−40 nT. Two large substorms were triggered by these in-
tense southward fields, and the main phase of the storm
occurred at this time. The Sym-H index decreased from
88 nT during the sudden impulse at 18:37UT to −139 nT at
20:17 UT at the end of the main phase of the geomagnetic
storm. The convection was extremely enhanced during the
two hours following the third shock when substorm activity
also took place.
The 2001 December 30 shock (Figure 8b) is an example of
a shock propagating inside a magnetic ejecta, which did not
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cause any decrease in the Dst index. Wind measured the
passage of a shock-driving magnetic ejecta starting around
00UT on December 30. Richardson and Cane [2010] list
18:00 UT as the end time of this magnetic ejecta, although
we find it impossible to identify its trailing edge due to the
presence of the overtaking shock. This overtaking shock
crossed Wind at ∼20:05 UT. The upstream magnetic field
was about 12 nT and the upstream fast magnetosonic speed
was in excess of 120 km s−1, conditions unusual for the un-
perturbed solar wind. The proton density was relatively
low but the proton temperature was higher than expected
starting around 12 UT. Overall, the upstream conditions
are consistent with the passage of a transient event, either
the back part of a magnetic ejecta or the disturbed solar
wind in its wake. The shock had a compression ratio of
about 2, but the magnetic field remained elevated for only
3 hours after the shock. The IMF Bz, which was initially
northward, turned southward during this period but did not
remain steady. Following a sudden impulse, the Dst reached
−31 nT at 02UT on December 31, comparable to its value
before the shocks (−24 nT at 17UT). There is one moderate
substorm (AL reached about −700 nT) at the end of the
period of enhanced magnetic fields.
3.3. Series of Shocks
Since series of shocks were not covered in our previous
study [Lugaz et al., 2015b], we summarize their key informa-
tion in Table 1 (14 events in total). Seven cases are clearly
shocks propagating into a sheath region of a preceding shock:
the two successive shocks occurred within 6.5 hours of each
other and as close as 35 minutes (2000 September 17). For
all these cases, the second shock was faster than the first one,
i.e. consistent with its overtaking the slower shock. How-
ever, in several cases the compression ratio of the second
shock was weaker than that of the first shock. This is be-
cause these overtaking shocks, while fast, are propagating
into high upstream speeds and high sound speeds, and are
therefore weak in terms of Mach number or compression ra-
tio. This is somewhat similar to shocks propagating inside
a magnetic ejecta. The propagation of a fast forward shock
inside a sheath of a preceding shock and their subsequent
interaction were described in detail in Lugaz et al. [2005].
For the five cases when the two shocks occurred within four
hours, the magnetic field behind the second shock was of the
order of 30 nT, values unusual in sheaths; the total compres-
sion in the magnetic field magnitude over these two shocks
was typically greater than 5.
For the seven other series of shocks, the two shocks oc-
curred within 20 hours of each other and were eight or more
hours apart. In addition, there was no reported magnetic
ejecta between the shocks. As the median sheath duration
in our study is nine hours, it is likely that these shocks are
separated by solar wind plasma or by the leg or draped field
around a magnetic ejecta. The solar wind plasma and IMF
between the shocks was not that of the typical quiet solar
wind, but often had enhanced velocity, density, magnetic
field strength, and/or temperature. For three of these se-
ries of shocks, the second shock was slower than the leading
shock.
3.4. Statistics
In addition to the specific examples given above, we at-
tempted to categorize the cause of the geo-effectiveness in
the shocks-sheaths for all 94 events, focusing primarily on
those 45 cases when the shock-sheath was not associated
with a compound event. In 22 out the 45 events, the shock
compressing the pre-existing southward IMF was the pri-
mary cause of geo-effectiveness. (In three of these cases,
draping around the CME also contributed). In five addi-
tional cases, draping or eroded magnetic field just upstream
of the magnetic ejecta is the main cause of geo-effectiveness.
In 17 cases, regions that appear to be planar structures
within the sheath were the cause of geo-effectiveness. In
one event (2000 November 6), there appeared to be contri-
butions from all three aspects.
In addition, 31 of the shocks inside transients occurred in
pre-existing southward magnetic fields. Overall, from the to-
tal of 53 events (both including “normal” shocks and shocks
in transients) for which the shock compressed pre-existing
southward magnetic field, the peak Dst occurred 5.4 ±2.6
hours after the shock, compared to 7.9 ±3.4 hours after the
shock for the other events.
4. Discussion and Conclusions
Using in situ data from 1997 to June 2015, we have identi-
fied 94 shocks whose sheaths resulted in at least a moderate
geomagnetic storm. We have validated our list by comparing
it to those of Zhang et al. [2007] and Echer et al. [2008] for
the 35 intense storms from SC23, finding general agreement.
The largest number of geo-effective shock-sheaths occurred
in solar maximum of SC23 (2000–2001) with fewer events in
SC24. This is consistent with the lower number of shocks
during SC24 as compared to SC23 [Oliveira and Raeder ,
2015; Kilpua et al., 2015b].
We have found that geo-effective shock-sheaths can best
be thought of as two different populations: shock-sheaths
associated with CME-CME or CME-CIR interactions (i.e.
shocks within transients) and shock-sheaths associated with
isolated heliospheric transients (“normal” shocks). We
further distinguish two types of shocks within transients:
shocks within magnetic ejecta (35 cases) as studied in Lugaz
Table 1. Series of shocks which resulted in geo-effective sheaths. Peak Dst and AL indices are given in units
of nT and the ∆t corresponds to the time between the second shock and the peak of the Dst index. RMP is the
minimum (1-min) magnetopause location given in units of RE using the formula from Shue et al. [1998].
Shock2 Shock1 Geoeffects
Year Month Day HH MM V(km s−1) Mms XN XB ∆t(h) ∆V Mms XN XB Dst ∆t(h) AL RMP
2000 9 17 16 46 872 4.9 1.3 1.6 −0.53 −94 2.8 1.5 1.8 −201 7 −1916 5.25
2001 11 24 5 51 1031 4.2 5.6 5.2 −0.95 −410 1.9 1.9 2.1 −202 9 −2660 4.81
2011 8 5 18 40 789 4.2 1.4 2.5 −1.13 −401 3.1 2.3 2.8 −96 5 −2014 5.21
2001 4 11 16 17 849 1.9 2.0 1.8 −2.13 −137 2.1 2.3 1.5 −215 6 −2903 5.31
2001 3 31 1 14 586 5.1 2.9 5.2 −3.57 −276 3.8 2 1.5 −156 4 −1057 4.83
2004 4 3 14 51 578 2.9 1.6 1.6 −4.91 −186 1.4 1.6 1.6 −112 10 −1353 6.69
2000 11 26 11 24 579 3 2.5 3.6 −6.4 −151 1.8 1.8 1.6 −80 14 −1111 5.49
2004 11 7 17 54 733 2.6 2.2 2.3 −7.85 −301 3.2 2.3 3.4 −117 5 −618 5.08
2004 11 9 18 25 808 2.6 3.0 2.2 −9.1 −97 3.2 4.1 2.4 −214 3 −1764 5.11
1999 9 15 20 8 505 2.0 2.2 2.1 −12.4 146 2.1 1.8 1.9 −67 12 −1025 9.08
2015 6 22 18 8 767 4.8 3.6 3.3 −13.1 −343 2.0 2.0 2.0 −121 3 −1376 4.82
2015 6 25 18 8 720 2.1 1.6 1.6 −14.9 −24 2.6 2.0 2.0 −50 3 −1005 7.38
2013 5 25 5 03 401 2.2 2.2 2.1 −15.9 126 2.4 2.9 1.9 −50 9 −1260 7.39
2006 8 19 10 57 459 1.4 1.7 1.7 −19.1 39 2.3 1.5 1.9 −78 11 −1697 6.19
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et al. [2015b] and series of shocks (14 cases). From past
studies, we can estimate that from 1997 to 2006, there were
about 200–250 “normal” shocks as compared to 50 shocks
within magnetic ejecta. Therefore about 50 % of shocks in-
side magnetic ejecta are geo-effective as compared to only 13
± 2% of “normal” shocks. In addition, shocks within tran-
sients result in sheaths which drive, on average, stronger
geomagnetic storms, reaching intense level, as compared to
moderate level for “normal” shocks-sheaths. The difference
between the two populations was found to be statistically
significant for geomagnetic storms but not for substorms.
To investigate the potential effects of such shock-sheaths
on the outer radiation belt, we also calculated the closest
subsolar magnetopause location reached during their pas-
sage. We found that it is often below geo-synchronous or-
bit: series of shocks resulted in the most compressed mag-
netosphere, followed by “normal” shocks and then shocks
within magnetic ejecta. As each of these shock-sheath struc-
tures drove at least a moderate geomagnetic storm, IMF Bz
was southward in part of the sheath and there was mag-
netic erosion of the dayside magnetosphere for all of these
shock-sheath structures. The difference in the lowest mag-
netopause location reached for each of these categories can
be understood as the consequence of the dynamic pressure
behind each of these shocks. For series of shocks, the sheath
plasma has been twice compressed and accelerated, result-
ing in extremely large dynamic pressures. These sheaths
are therefore likely to the most effective in compressing the
magnetosphere. On the other hand, shocks inside magnetic
ejecta compress the low density plasma typically found in-
side a magnetic ejecta [Burlaga et al., 1981] and result in
lower dynamic pressures and consequently lower compres-
sion of the magnetosphere. The strong depleting effect of
sheath regions has been also highlighted in statistical stud-
ies [Hietala et al., 2014; Kilpua et al., 2015a].
We further investigated the exact cause of the geo-
effectiveness of the 94 shock-sheaths, first by studying six
examples and, then, by providing statistics on the source
of southward Bz in the sheaths. Most shocks inside mag-
netic ejecta compress pre-existing steady southward mag-
netic fields, part of the overtaken ejecta. We found that,
for half the geo-effective sheaths associated with “normal”
shocks, the shock also compresses pre-existing southward
Bz. Most other cases appear to be associated with pla-
nar structures in the sheath in which the magnetic field was
southward. Recently, Palmerio et al. [2016] studied 95 CME
sheaths and found that 85% of them had planar structures
in them, with a median duration of 6 hours. These pla-
nar structures are therefore relatively ubiquitous in sheaths
and some of them have steady and long-duration (several
hours) periods of southward Bz. In fact, Palmerio et al.
[2016] showed that planar parts of the sheath tend to be
more geoeffective than non-planar parts. Another good ex-
ample of such planar structures in a sheath causing a drop
of Dst reaching storm levels is the St Patrick 2015 day storm
(2015 March 17) as analyzed in Kataoka et al. [2015]. In a
number of cases, these planar structures are at the back of
the sheath, just before the start of the magnetic ejecta. In
this location out-of-ecliptic magnetic fields and planar struc-
tures are likely to result from the draping of magnetic field
lines around the magnetic ejecta [McComas et al., 1989] and
we discussed a specific example of these. Sometimes, these
draped fields may also be consistent with eroded CME fields
as proposed in Lavraud et al. [2014].
We further investigated the exact cause of the geo-
effectiveness of the 94 shock-sheaths, first through case stud-
ies and then, through statistics. Most shocks inside mag-
netic ejecta compress pre-existing steady southward mag-
netic fields, part of the overtaken ejecta. We found that,
for half the geo-effective sheaths associated with “normal”
shocks, the shock also compresses pre-existing southward
Bz. Most other cases appear to be associated with pla-
nar structures in the sheath in which the magnetic field was
southward. Recently, Palmerio et al. [2016] studied 95 CME
sheaths and found that 85% of them had planar structures
in them. These planar structures are therefore relatively
ubiquitous in sheaths and some of them contain long peri-
ods (several hours) of steady southward Bz. Another good
example of such planar structures in a sheath causing a drop
of Dst reaching storm levels is the St Patrick 2015 day storm
(2015 March 17) as analyzed in Kataoka et al. [2015]. In a
number of cases, these planar structures are at the back of
the sheath, so that they are likely to arise through field line
draping around the ejecta [McComas et al., 1989]. Some-
times, these draped field may also be consistent with eroded
CME fields as proposed in Lavraud et al. [2014].
Overall, for 53 (out of 94) cases, Bz was southward be-
fore the shock. Hence, we can conclude that the shock com-
pression of this preceding southward fields is the primary
driver of geomagnetic storms for the majority of the in-
vestigated events. This conclusion can be combined with
the fact that shock-sheath structures associated with mul-
tiple heliospheric transients are 3–4 times more likely to be
geo-effective than shock-sheath structures associated with
isolated transients to propose a scheme space weather fore-
casting for shock-sheath structures. If a shock occurs within
a preceding magnetic ejecta, there is a 50% probability of a
moderate geomagnetic storm, and a greater than 30% prob-
ability of an intense geomagnetic storm. This is a similar
probability to drive moderate and intense storms as for the
passage of a magnetic cloud. If a shock occurs in “normal”
solar wind conditions, a moderate or intense geomagnetic
storm is likely to occur if the IMF had a southward com-
ponent upstream of the shock. We find little evidence that
shocks with a normal direction inclined with respect to the
ecliptic are able to create strong and steady southward Bz.
An inverse study, looking at all instances of shocks occur-
ring in pre-existing southward Bz should be undertaken to
validate this conclusion. As such, this is only a proposed
scenario.
While a further dedicated investigation should be under-
taken, many of the shock-sheath structures discussed here
have been studied recently for their strong effects on radi-
ation belt electrons (for example: 2012 October 1 [Baker
et al., 2013; Turner et al., 2014] & 8 [Hudson et al., 2014],
2013 March 17 [Boyd et al., 2014], 2014 September 12 [Alves
et al., 2016], 2015 March 17 [Pierrard and Lopez Rosson,
2016; Li et al., 2016] and 2015 June 22-25 [Baker et al.,
2016]). We have found that one of the conditions that make
shock-sheath structures geo-effective is a relatively steady
southward Bz upstream of the shock due to a preceding
transient or pre-existing southward IMF in the solar wind.
The sheath caused by these shocks therefore often combines
strong southward Bz and high dynamic pressure. This com-
bination creates ideal conditions for generating large mag-
netospheric storms and strong losses of energetic electrons
from the outer radiation belt (magnetopause shadowing, en-
hanced Dst effect and wave activity). In some other cases,
however, a lower dynamic pressure combined with a south-
ward IMF and high solar wind speed may represent the ideal
conditions to accelerate electrons to energy above 1 MeV in
the outer radiation belt [Li et al., 2015].
Acknowledgments. Wind data used in this study can be
downloaded from CDAWeb. The authors acknowledge the use
of the OMNIWEB data to obtain the geomagnetic indices and
the ICME list of Richardson and Cane. Dst data was obtained
from World Data Center for Geomagnetism, Kyoto. We thank
the reviewers for their comments which helped clarify some as-
pects of this manuscript. N. L. would also like to thank Pr.
Tsurutani for the initial email exchanges that led to this study.
The research for this manuscript was supported by the following
grants: NSF AGS-1433213, AGS-1435785, NASA NNX13AH94G,
NNX15AB87G, NNXNNX16AO04G and NNX13AP39G, as well
as RBSP-ECT funding provided by JHU/APL contract 967399
under NASA’s Prime contract NAS5-01072.
LUGAZ ET AL.: GEO-EFFECTIVENESS OF SHOCKS AND SHEATHS X - 13
Appendix A: Comparison of the Interplanetary
Causes of Intense Geomagnetic Storms in
SC23 to Those Found in Previous Works
For validation, we compare our sample of intense geomag-
netic storms caused by shock-sheath structures in SC23 (35
events) to those found by Zhang et al. [2007] and Echer et al.
[2008]. In Table 2, we list how many events from our list
correspond to different classifications from these two past
works. For example, our list of 35 shocks/sheaths in SC23
which resulted in an intense geomagnetic storm includes 26
of the 30 intense geomagnetic storms that Zhang et al. [2007]
characterized as being caused by shocks. In performing the
comparison, we grouped the different categories from these
past studies into (i) storms mainly due to shocks (noted as
SH), (ii) storms due mainly to a magnetic ejecta with a sec-
ondary contribution from the ejecta-driven shock (noted as
(SH) + MC), and, (iii) complex events. A category in paren-
theses indicates that this interplanetary cause was judged
to contribute to the geo-effects, but only secondarily. Note
that the events on the same line in both columns are not
the same, but the categories are similar. For example, the
two ICME(M) from Zhang et al. [2007] were categorized as
ICME and (SH) + MC by Echer et al. [2008], whereas the
three complex events from Echer et al. [2008] were cate-
gorized as MC, (CME) + PCME-SH and (MC + PCME-
SH) + MC by Zhang et al. [2007]. We found that all eight
complex events correspond to a shock propagating within a
preceding transient. The work by Echer et al. [2008] and
Zhang et al. [2007] focused on the cause of intense storms
and many were multiple-dip storms, where different parts of
the ICME drove two or more dips [see Kamide et al., 1998,
for more details]. As such a category such as (SH) + MC
only indicates that the main cause (or the stronger dip) is
due to a magnetic ejecta, and we found that in some cases,
the shock itself resulted in an intense storm. Overall, our
list agrees with these two previous studies: 26 out of the
30 cases for which Zhang et al. [2007] identified a shock or
a series of shock as the primary interplanetary cause of an
intense geomagnetic storm are also in our list, as do 18 out
of the 23 cases from Echer et al. [2008]. Echer et al. [2008]
has a category SH + MC, for which the relative importance
of the shock and the magnetic ejecta is not distinguished.
We found that, for 8 out of the 15 events in this category,
the shock resulted in an intense geomagnetic storm.
Notes
1. http://ipshocks.fi
2. http://wdc.kugi.kyoto-u.ac.jp/index.html
3. http://omniweb.gsfc.nasa.gov/ow_min.html
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